Abstract-The abundance and non-polluting nature of solar energy has aroused the interest of many researchers. This worldwide attention of photovoltaic panels has led to the need of generating accurate model of photovoltaic module before proceeding to the installation part. However, the modeling of solar PV characteristics is difficult since the manufacturer's datasheet provides only four values such as , , , and . For the accurate modeling of photovoltaic panels, the precise estimation of model parameters at different environmental conditions is very essential. Optimization technique is a very powerful tool to obtain the solution of complex non-linear problems. In this paper, the application of the bacterial foraging algorithm (BFA) for the accurate extraction of model parameters has been discussed. A systematic evaluation and performance comparison of BFA with other optimization techniques such as Genetic Algorithm, Artificial Immune System etc. has been done and the best computational technique is determined based on certain criteria such as accuracy, consistency, speed of convergence etc. The computed data is compared with experimental data and the results are validated using two photovoltaic modules of different nature (multicrystalline and thin film).
INTRODUCTION
The renewable energy sources available to us are very suitable for the ever increasing requirement of energy by mankind without causing any harmful effects to the nature. Among the various available renewable resources, solar energy has attained worldwide recognition because of its inexhaustibility, pollution-free nature, zero maintenance, zero noise and reliability. Moreover, the fossil fuels which are being used across the world are a major cause of global warming and air pollution. However, solar power is not popular because of its high installation cost and poor panel efficiency. Further, in contrast, continuous reduction in solar panel cost has attracted the focus of solar panel generation. Modeling solar Photo Voltaic (solar PV) characteristics using simulation software's like MATLAB, PSPICE is a major concern to the researchers; since the behaviour of the system largely relies on the accuracy of the predicted solar characteristics.
The exactness of the solar PV characteristics is mainly determined by the accuracy of model parameter values. A reliable and efficient simulation model of solar PV is vital before proceeding to the installation part [1] [2] .
Generally, there are two approaches to realize the characteristics of solar PV-Single diode model [3] and Double diode model [4] . The single diode model is popular because of its easy implementation and reduced number of model parameters. For modeling the solar cell using single diode model, various model parameters such as photo-generated current ( ), diode saturation current ( ), diode ideality factor (a), series resistance ( ) and shunt resistance ( ) are to be determined. The determination of the exact values of these model parameters is very crucial as it decides the accuracy of the computed performance parameters, namely short circuit current ( ), open circuit voltage ( ), maximum power point ( ) etc. The nonlinearity of the solar PV characteristics imposes difficulty towards the extraction of model parameters. Generally, numerical procedures such as Newton Raphson have been used to obtain the model parameters , and . [3] . However, determination of parameters using conventional methods like Newton Raphson is tedious if initial values are unknown.
On the other hand, bio-inspired algorithms are proved to be very effective in dealing with non-linear non differentiable and stochastic problems without involving excessive mathematical computations. In the recent past, various optimization algorithms such as Genetic algorithm (GA), Particle Swarm optimization (PSO), Harmony search algorithm (HS) etc are implemented to compute the accurate values of the model parameters [5] [6] [7] . GA has already been implemented in the work presented by [5] . However, in literature, BFA and AIS have not been implemented for the parameter extraction and there have not been many studies taken place for the detailed analysis of the performance comparison using different optimization approaches. In this paper, three optimization techniques namely Genetic Algorithm (GA), Artificial Immune system (AIS) and Bacteria Foraging Algorithm (BFA) have been compared and evaluated based on their effectiveness to obtain the correct values of parameters. The BFA algorithm is based upon the fact that the genes of the fitter species, having successful foraging strategy, are likely to survive and get propagated in the evolution chain. AIS imitates immune system of human body by fighting against bacteria, viruses and other foreign particles [14] [15] . Based on the mechanism of antigenantibody reaction, AIS also provides good performance in the field of optimization. The best bio-inspired Algorithm is evaluated using two different PV modules which are thin film and multicrystalline in nature.
978-1-4673-5149-2/13/$31.00 ©2013 IEEE II. MODELLING OF PV MODULE Many models have been developed so far to depict the solar characteristics accurately [8] . Among these, most important and widely used models are: Double diode model and Single diode model. Even though double diode model is the most accurate one, the high complexity hinders its common usage. Therefore, Single diode model is used in this paper due its moderate accuracy and simplicity.
A. Single diode model
Single-diode model is the most commonly used electric model for representing the behavior of a PV module due its average complexity and moderately accurate results. The ideal model comprises of a current source connected in parallel with a diode .But, practically there is an effect of resistances in series along the current path through the semiconductor material, metal grid, contacts which are added together and denoted as series resistor . Apart from this, there is a loss due to the leakage of current through a resistive path in parallel with device which is represented by a parallel resistor . The Single diode model is depicted in Fig.1 The output current of the module obtained from this model can be formulated using KCL and is given below:
Where, is the diode current and is the diode voltage.
The diode current can be written as:
Where, is the ideality constant of diode and is the thermal voltage which is given by the equation:
Where k is the Boltzmann constant, is the cell temperature in Kelvin, is the electron charge, is the number of cells in series. Using KVL, the output voltage of the module can be written as: (4) Therefore, in single-diode model, , , , and are the five parameters that need to be computed. , and a are adjusted so as to minimize the error computed in order to obtain best solution. The values of these parameters vary according to the change in environmental conditions particularly temperature and irradiation. In this paper, the model parameter values at different temperature and irradiance are found out making use of only the available datasheet information.
The photo current of a particular solar PV panel is determined by the equation given below (5) where, is the short circuit current at STC, is the current temperature coefficient whose value is available in the corresponding panel datasheet.
is the irradiation at STC i.e. 1000 / and is the particular irradiation to which the panel is exposed.
Where, is the temperature at STC condition i.e. 25 and is the surface temperature of the panel.
The reverse saturation current is obtained by the equation as per given in [1] .
The improved equations for Open circuit voltage ( ) and Voltage at maximum power ( ) is given by
The current at maximum power point Imp is given by:
The improved equations formulated for calculation of V and V are presented in equation (7) and (8) respectively which exactly matches with the manufacturer's datasheet. The equations presented are formulated to match the Shell solar characteristics. However, the above equations can be modified for any panel by changing the last term of equations (7) and (8) .
As shown in Fig.2 , at maximum power point (MPP), the derivative of the power with respect to voltage becomes equal to zero.
i.e. / 0.
The power equation can be written as So (10) Fig.2 .
P-V characteristics
The best solution is obtained with regard to a particular value called fitness value which is evaluated after each iteration and the degree of selection of the set of Rs, Rp, a values is closely associated with the objective function or fitness function.
The objective function, the function to be minimized is taken from [1] and is given by: 
where, 1 ⁄ and Γ 1 ⁄
IV. ANALYSIS OF BFA TECHNIQUE
Bacteria Foraging Algorithm (BFA) was proposed by Passino and a new addition to the family of nature-inspired optimization algorithms [9] .
By the laws of natural selection, animals having poor foraging techniques are eliminated and the genes of animals having better foraging techniques are propagated to the next generation as they show success in reproduction. [9] [10] [11] Thus, animals which were having poor foraging technique will be eliminated or will be converted to good ones after many generations. Many researchers have made this technique as an optimization tool. Escherichia coli bacteria present in human intestine also undergo foraging strategy and can be explained by four processes, namely chemotaxis, swarming, reproduction, elimination and dispersion. Application of group foraging strategy of a swarm of E.coli bacteria in multi-optimal function optimization is the key idea of the new algorithm. The following section describes how the BFA is designed and applied to the present problem. a) Chemo taxis: It is a process which can be accomplished through swimming and tumbling. The movement of the bacterium depends on the rotation of the flagella. Based on this rotation, the bacterium will move either in a predefined direction which is called swimming or altogether in a different direction called tumbling over their entire lifetime. The direction of movement of bacterium after tumble can be defined as:
Where, Φ is the unit length random direction, , , represents the bacterium at chemo tactic, the reproductive and the elimination and dispersal step. The tumble specifies a random direction of movement which is represented by .
If the fitness value at the new position is better than the previous value, it moves in the same direction with step size .This process is known as swimming. The bacteria continued to swim after the tumble if the present direction is rich in nutrients (food), but only up to a maximum number of steps, Ns.
b) Swarming:
Interestingly, if a bacterium has found optimum location of food, it gives the information to other bacteria in the group by releasing a cell-cell attractant. They assemble together to form a group with high bacterial concentration and move in a homocentric pattern in order to reach the proper destination. The cellto-cell signaling in E. coli swarm may be represented by the following function. The actual fitness function is added with the fitness function , , , to introduce a time varying fitness function, S is the total number of bacteria, is the number of variables to be optimized. , , and are different coefficients which should be chosen appropriately. c) Reproduction: The population members which have obtained sufficient energy from nutrients are considered as the 'healthy' set of population. The members with least energy die and the 'healthy' set of population is reproduced or split into two and placed in the same location such that the population size remains constant.
d) Elimination and dispersal:
The life of bacteria can have many adverse effects like sudden environmental changes or increase in temperature which may result in the destruction of all the bacteria in a region or the movement of a group of bacteria to a new region in the optimization domain. This movement can either cause adverse effects on chemotactic progression or aid in chemotaxis, since the dispersal can cause the bacteria to spread in the new region where the fitness value is likely to be better.
V. RESULTS AND DISCUSSIONS.
The validity of the proposed modeling methods discussed in this paper is evaluated using different panels. Two different types of panels are used for the evaluation purpose, namely multicrystalline and thin film. The parameters required for the modeling namely open circuit voltage, short circuit current, maximum power point voltage, maximum power point current voltage temperature coefficient, current temperature coefficient etc are available in the manufacturer's datasheet. To compare the efficiency of the proposed method, the results are compared with GA and AIS.
The different algorithms mentioned above are coded and executed on a MATLAB environment and the required model parameters are extracted. The initial guesses of the parameters are chosen randomly based on trial and error. The values of series resistance are usually observed to be very small which makes it more appropriate to be defined within a limit Table. I Among the three algorithms tested, BFA is found as the best one based on certain criteria as mentioned in Table. II. The convergence characteristics of the three methods are shown in Fig. 3 . The accuracy is assessed in terms of minimal fitness values obtained after all the iterations. The best fitness value is obtained with the BFA method from which we can infer that it is the most accurate one among all the three algorithms. It is obvious from the graphs that BFA takes more time to yield the best results. The accuracy obtained from the BFA outweighs the drawback of less speed of convergence. The initial guesses of these optimization algorithms are random in nature which yields to poor performance in some runs. BFA gives good quality results in each run which makes the consistency of solution better in BFA. Validation of the BFA results with experimental data.
The extraction of parameters based on the optimization method mentioned in the previous sections is validated by the experimental results obtained from manufacturer datasheets of different panels. As we have concluded that BFA is superior to other two methods discussed above, experimental validations are carried out for BFA alone. Three different panels are used here for the physical evaluation of data obtained from BFA: thin film (Shell ST40) and multicrystalline (Shell S36). The comparison of the experimental data with the I-V characteristics obtained with BFA algorithm for different irradiation and temperature is shown in Fig.4 .From the graph, it is evident that the characteristics of solar PV obtained using BFA are exactly matching with the experimental values from the datasheet. The characteristics are similar in the lower range of irradiation also. The model parameters values obtained at different temperature are shown in Table.III.   TABLE II. COMPARISON OF GA,BFA AND AIS. 
CONCLUSION
In this paper, the five model parameters are accurately extracted among which and are calculated analytically and the remaining three parameters , and a are calculated with Bacteria Foraging Algorithm. The performance of BFA is compared with GA and AIS based on consistency of solution, accuracy, computational efficiency, speed of convergence etc. and is found to be the best computational method for extraction of model parameters. The I-V characteristics obtained from the simulation model is validated with experimental data obtained from two panels of different nature (multicrystalline and thin film).
